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a  b  s  t  r  a  c  t
Anaerobic  digestion  is a microbiological  process  of  converting  organic  wastes  into  digestate  and  biogas
in  the  absence  of  oxygen.  In  practice,  disturbance  to the  system  (e.g.,  organic  shock  loading)  may  cause
imbalance  of  the  microbial  community  and  lead  to  digester  failure.  To  examine  the  bacterial  community
dynamics  after  a disturbance,  this  study  simulated  an organic  shock  loading  that  doubled  the  chemical
oxygen  demand  (COD)  loading  using  a  4.5 L  swine  wastewater  anaerobic  completely  stirred  tank  reactor
(CSTR).  Before  the  shock  (loading  rate  =  0.65  g  COD/L/day),  biogas  production  rate  was  about  1–2 L/L/day.
After  the  shock,  three  periods  representing  increased  biogas  production  rates  were observed  during  days
1–7 (∼4.0 L/L/day),  13 (3.3  L/L/day),  and  21–23  (∼6.1 L/L/day).  For  culture-independent  assessments  of
the  bacterial  community  composition,  the 454 pyrosequencing  results  indicated  that  the  community6S rDNA
54 pyrosequencing
contained  >2500  operational  taxonomic  units  (OTUs)  and  was  dominated  by three  phyla:  Bacteroidetes,
Firmicutes,  and  Proteobacteria.  The  shock  induced  dynamic  changes  in  the  community  composition,
which  was  re-stabilized  after  approximately  threefold  hydraulic  retention  time  (HRT).  Intriguingly,  upon
restabilization,  the  community  composition  became  similar  to that  observed  before  the  shock,  rather
than  reaching  a new  equilibrium.
©  2014  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
Wastewater from industrial, municipal, and agricultural sources
as been utilized for microalgal cultivation and nutrients removal,
herefore it has been proposed as an alternative to organic carbon
ources (Abreu et al., 2012). In wastewater facilities, the anaerobic
igester, wherein anaerobic microorganisms consume organic car-
on, is an essential component of wastewater treatment systems
Farooq et al., 2013). Anaerobic digestion is a versatile technology
or processing various organic wastes produced in urban, industrial,
nd agricultural settings. During the process, the organic matter is
ecomposed by a complex community of microorganisms and con-
erted into two  main end products: digestate and biogas. While
he digestate can be used as a fertilizer, the biogas with about
∗ Corresponding author at: Institute of Plant and Microbial Biology, Academia
inica, 128 Sec. 2, Academia Road, Nankang, Taipei 11529, Taiwan.
el.: +886 2 2787 1127.
E-mail address: chk@gate.sinica.edu.tw (C.-H. Kuo).
ttp://dx.doi.org/10.1016/j.jbiotec.2014.11.026
168-1656/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/3.0/).
60–70% methane content represents an attractive source of renew-
able energy. Biogas brings not only socio-economic beneﬁts but
also offers the possibility of treating and recycling the agricul-
tural residues and byproducts in a sustainable and environmentally
friendly way  (Seadi and Rutz, 2008). Because of these beneﬁts in
waste management and in energy production, anaerobic digestion
technologies increasingly become popular, particularly with the
global emphasis on sustainability.
Anaerobic bioprocesses are very sensitive to environmental
changes, and this sensitivity makes their maintenance complex
(Gholamreza et al., 2014). In ﬁeld applications, maintaining the
stability of the microbial community in the anaerobic digesters
is one of the major considerations (Ahring, 2003). The balance
of the microbial community in the digester might be disrupted
by any ﬂuctuations in the operational parameters. For example,
a sudden increase in the organic loading rate could lead to accu-
mulation of volatile fatty acids, which results in acidiﬁcation of
the system (Delbès et al., 2001; Akuzawa et al., 2011). Such per-
turbations decrease the efﬁciency of wastewater treatment and
biogas production and may  even lead to digester failure (Chen et al.,
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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008). In the event of system failure, the restoration process is
ime-consuming and expensive.
Previous studies have investigated the effects of organic shock
oading on the microbial communities in anaerobic digesters
Delbès et al., 2001; Akuzawa et al., 2011; Gomez et al., 2011;
teinberg and Regan, 2011; Kundu et al., 2012; Lerm et al., 2012;
ia et al., 2012). Based on these studies, speciﬁc bacterial and
rchaeal groups that can tolerate or even take advantage of a
igher concentration of acetate and volatile fatty acids increase
n dominance and may  help to stabilize the system. Unfortu-
ately, the more detailed pictures of overall community dynamics
re still lacking, mainly due to the technical limitations of tradi-
ional culture-independent methods for characterizing complex
icrobial communities. Most of the previous studies were based
n methods such as terminal restriction fragment length poly-
orphism (T-RFLP), ampliﬁed ribosomal DNA restriction analysis
ARDRA), denaturing gradient gel electrophoresis (DGGE), single-
trand conformation polymorphism (SSCP), or Sanger sequencing
f clone libraries. These methods typically provide a resolution
f dozens (or at most hundreds) of OTUs in the samples. How-
ver, a recent study of 14 sewage treatment plants in Asia and
orth America revealed that at least 1183–3567 microbial species
ould be found in each sample (Zhang et al., 2012). These high
evels of microbial diversity suggest that the traditional culture-
ndependent methods could not provide sufﬁcient resolutions to
nderstand the microbial communities in anaerobic digesters.
dvances in methodologies are necessary to obtain a more detailed
nderstanding of these complex communities, which is fundamen-
al for the improvement of digester efﬁciency and stability.
In this study, high-throughput 454 pyrosequencing technology
as utilized as the molecular tool to investigate the microbial com-
unity dynamics in response to an organic shock loading. The aim
as to investigate whether the community composition returns
o its original state or reaches a new equilibrium upon restabi-
ization. To distinguish between these two alternative predictions,
ime-series samples were collected from a lab-scale anaerobic CSTR
nd used for characterizing the bacterial community composition
t different time points before and after an organic shock loading.
. Methods
.1. Anaerobic digester operation and sampling
The efﬁciency of anaerobic digestion is inﬂuenced by some
arameters such as constant temperature, pH-value, supplying of
utrient and stirring intensity, thus it is crucial that appropriate
onditions for anaerobic microorganisms are provided (Seadi and
utz, 2008). A bench-top anaerobic CSTR fed with swine waste-
ater was setup in this study, which includes a peristaltic pump
Cole-Palmer, Vernon Hills, IL, USA) for inﬂuent and efﬂuent ﬂow
nd a wet test gas meter (M.5911 Midget, Alexander Wright, Lon-
on, UK) for quantiﬁcation of gas production rate. The reactor was
aintained at a constant temperature of 37 ± 1 ◦C and the void vol-
me  was 4.5 L. The swine wastewater obtained from a pig farm
n Zaociao Township, Taiwan was used as the substrate. Because
ethanotrophs in the deeper layers could be utilized as trustwor-
hy inoculum sources for newly constructed biocovers (Lee et al.,
014), the seed inoculum was collected from the anaerobic sludge
f the same pig farm. After collection, wastewater was stored at 4 ◦C
nd mixed thoroughly prior to use. Because the duplication rate of
naerobic bacteria is usually 10 days or more and the retention time
ust be sufﬁciently long to ensure that the amount of microor-
anisms removed with the efﬂuent (digestate) is not higher than
he amount of reproduced microorganisms (Seadi and Rutz, 2008),
he system was started at a 10-day HRT. The amount of 250 mLology 194 (2015) 124–131 125
new swine wastewater inﬂuent with an average concentration of
6.5 g COD/L was semi-continuously fed into the reactor once a day.
With an organic loading rate of 0.65 g COD/L/day, system was  oper-
ated about 120 days to ensure the reactor reached a steady state.
For simulating an organic shocking loading, HRT was then changed
to 5 days and the organic loading rate was 1.3 g COD/L/day. For liq-
uid part, both inﬂuent and efﬂuent samples were collected once a
day and analyzed including pH and COD according to the Standard
Methods (APHA et al., 1998). Gas samples were recorded using the
wet test gas meter and the methane composition was determined
using the GC-TCD (Model 8700T, China Chromatography, Taiwan)
equipped with a thermal conductivity detector and a Porapak Q
column where helium was  used as the carrier gas.
2.2. Sample processing and DNA extraction
To isolate the DNA of microbial community, the digester sam-
ples were homogenized using an orbital shaker for 20 min  and the
microbial cells were suspended. Then, two  ﬁltration steps with Cal-
biochem Miracloth (pore size: 22–25 m;  EMD Chemicals, USA)
and Whatman Grade 3 ﬁlter paper (pore size: 6 m;  GE Healthcare,
UK) were used to remove the large particles. The ﬁltrate was cen-
trifuged at 17,000 × g for 30 min  to collect the microbial cells. The
resulting pellet was used for total DNA extraction by the Promega
Wizard Genomic DNA Puriﬁcation Kit (Promega, USA) following the
manufacturer’s instruction.
2.3. PCR ampliﬁcation of 16S rDNA and 454 pyrosequencing
To identify the bacterial species contained in each sample,
PCR was performed to amplify the 16S rDNA using the uni-
versal primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 511R
(5′-GCGGCTGCTGGCACRKAGT-3′) with the appropriate 454 Life
Sciences adaptor sequence. In addition, the forward primer used
for each sample contained a unique 6-bp barcode for multiplexed
sequencing. To minimize the biases that may  occur in individ-
ual PCR reactions, three independent reactions were performed
for each sample and the products were pooled before sequenc-
ing. Each of the 50 L of PCR mixture consisted of 1 L PfuUltra II
Fusion HS DNA polymerase (Stratagene, USA), 5 L of supplied 10×
buffer, 2.5 L of 5 mM dNTP mix  (MBI Fermentas, Canada), 0.5 L
of 10 mg/mL  BSA (New England Biolabs, USA), 1 L of each 10 M
primer, and 50 ng of template DNA. The PCR program included one
denaturing step at 95 ◦C for 3 min, 25 cycles of 95 ◦C for 40 s, 55 ◦C
for 40 s, and 72 ◦C for 40 s, followed by a ﬁnal extension at 72 ◦C for
7 min.
Gel electrophoresis was used to check the existence of a single
band in an expected size for each PCR product. For the positive sam-
ples, PCR products were puriﬁed with the MinElute PCR Puriﬁcation
Kit (Qiagen, Germany). Furtherly conﬁrm the successful ampliﬁ-
cation of bacterial 16S rDNA in the broad range PCR, the puriﬁed
PCR products were cloned using the CloneJetTM PCR Cloning Kit
(Fermentas Life Science, Canada) and transformed into HIT-JM 109
competent cells (RBC Bioscience, Taiwan). A limited number of
clones were sequenced using the BigDye Terminator v3.1 Cycle
Sequencing Kit on an ABI Prism 3700 Genetic Analyzer (Applied
Biosystems, USA) to verify the presence of expected 16S rDNA frag-
ment, multiplexing barcodes, and the adapters for 454 sequencing.
For high-throughput pyrosequencing, the puriﬁed PCR products
from each sample were pooled in equal proportions and sequenced
using a 454 Jr. sequencer (454 Life Sciences, USA).2.4. Sequence analysis
The procedure for sequence analysis is based on that described
in our previous studies (Ochman et al., 2010; Shelomi et al., 2013).
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he pyrosequencing ﬂowgrams were converted to sequence reads
ith corresponding quality scores using the standard software
rovided by 454 Life Sciences. The sequences were quality-
rimmed using the default settings of LUCY (Chou and Holmes,
001). After the quality trimming, reads shorter than 400-bp were
emoved from the data set and the sample-speciﬁc barcode and the
rimer sequence were identiﬁed and trimmed from each sequence.
equences that lacked a recognizable barcode or the forward PCR
rimer were discarded. To identify the OTUs presented in these
amples, the partial 16S rDNA sequences were hierarchically clus-
ered at 100%, 99%, and 97% sequence identity using USEARCH
ersion 5.2.32 (Edgar et al., 2011). In this study, the 97% sequence
dentity threshold was chosen because it is commonly used to
eﬁne bacterial species (Drancourt and Raoult, 2005; Janda and
bbott, 2007). To assess the sampling depth provided by the
equencing reads, 10,000 randomization tests were performed in
btaining the rarefaction curve for each sample type.
For taxonomic assignment, the representative sequence of each
TU was used as the query for the CLASSIFIER (Wang et al., 2007)
rogram provided by the Ribosomal Database Project (Cole et al.,
009). Those who  could not be assigned to a particular phylum
ith at least 70% conﬁdence level would be removed. For veriﬁca-
ion of the CLASSIFIER results and taxonomic assignment at species
evel, BLASTN (Altschul et al., 1990; Camacho et al., 2009) similar-
ty search against the NCBI nt database (Benson et al., 2012) was
erformed for the representative sequence of each OTU.
For community level analysis and comparisons of individual
amples, the software package Fast UniFrac was utilized (Hamady
t al., 2010) to perform sample clustering and Principal Coordi-
ates Analysis (PCoA). The OTUs were weighted by abundance and
he branch lengths were normalized. To generate a reference tree
or the Fast UniFrac, the representative sequences from all OTUs
ere aligned using the RDP Aligner (Cole et al., 2009). The resulting
ultiple sequence alignment was examined to ensure the 5′-end
f each sequence was mapped to the expected location of the 16S
DNA. The program FastTree (Price et al., 2010) was then used to
nfer a maximum likelihood phylogeny of the OTUs.
. Results and discussion
.1. pH value, COD removal efﬁciency and biogas production
The anaerobic CSTR system was semi-continuously fed with
wine wastewater at the concentration of 6.5 g COD/L and oper-
ted at an organic loading rate of 0.65 g COD/L/day at the beginning.
he reactor was controlled at 37 ± 1 ◦C and HRT was  maintained at
0 days before shock. The pH value and COD removal efﬁciency
re presented in Fig. 1A. The organic shock loading is highlighted
y a red triangle below the X-axis. For inﬂuent and efﬂuent sam-
les, the average pH values in this study were 7.28 and 7.36,
espectively. The COD removal efﬁciency before shock was in the
ange of 55–75%. After the shock, HRT was changed to 5 days and
rganic loading rate increased to twice that of before the shock
1.3 g COD/L/day) for increasing the organic loading reduces the
RT. The COD removal efﬁciency was decreased to 20% and then
ncreased to a range of 60–80% after the 130th day (10 days after
he shock).
Before simulating an organic shock loading, the biogas produc-
ion rate was mostly in the range of 1–2 L/L/day (Fig. 1B). Days
n which the digester samples were not used for sequencing are
abeled in gray. After the shock, three periods of increased biogas
roduction rates were observed. The ﬁrst period started imme-
iately after the shock (i.e., days 1–7) and the biogas production
ate was about 4 L/L/day. The second period of 3.325 L/L/day was
ccurred on the 13th day after the shock. Then the third peak wasology 194 (2015) 124–131
observed during days 21–23 and increased the biogas production
rate to 3.375–6.085 L/L/day. On days 24–32 after the shock, the bio-
gas production rate returned to its original state as that before shock
loading. Methane component was  on an average of 68% prior to the
shock and slightly increased to 73% after the shock.
3.2. Pyrosequencing of the 16S rDNA and OTU identiﬁcation
The 16S rDNA PCR products from the 21 samples were mul-
tiplexed and sequenced using two  runs on a 454 Jr. sequencer.
After the quality trimming, demultiplexing, and removal of primer
sequences, 174,340 usable sequencing reads were obtained with an
average length of 454 bp (ranging from 372 to 544 bp). The quartiles
of the length distribution were 427, 464, and 483 bp, respectively.
To identify the OTUs presented in these samples, these 174,340
reads were hierarchically clustered. The number of OTUs identi-
ﬁed at each sequence identity threshold was 118,765 OTUs at 100%
identity, 44,783 OTUs at 99% identity, and 10,134 OTUs at 97% iden-
tity. After the taxonomic assignment by RDP CLASSIFIER (Wang
et al., 2007), sequences that cannot be assigned at the phylum level
with at least 70% conﬁdence were discarded for being likely to rep-
resent chimeras or other artifacts introduced during the PCR or
pyrosequencing process. This quality control step removed 19,598
reads that were assigned to 1761 OTUs. Finally, the occurrence of
OTUs in each of the samples were examined and the OTUs found
in only one sample were discarded because these OTUs did not
provide any information regarding the relatedness among samples
and were likely to be results of sequencing artifacts (Ochman et al.,
2010). The ﬁnal data set that passed all the quality control steps
contained 148,216 reads were assigned to 3339 OTUs (Tables A and
B). Based on this data set, the number of reads per sample ranged
from 5192 to 10,501 (average = 7058, Q1/Q2/Q3 = 5877/6737/7806;
Fig. 2A) and the number of OTUs per sample ranged from 563 to
1008 (average = 744, Q1/Q2/Q3 = 645/705/822; Fig. 2B).
Supplementary Tables A and B related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.jbiotec.
2014.11.026.
These OTUs could be conﬁdently assigned at the phylum
level (Table A; Q1/Q2/Q3 of the RDP CLASSIFIER conﬁdence
values = 95%/100%/100%). However, taxonomical assignments at
lower levels have much lower conﬁdence values. At the genus-level,
the median conﬁdence value is only 55% (Table A). Similarly, for
the best BLAST hit from the NCBI database searches, the median
sequence identity is only 90.8% (Table A), which appears to be too
low for genus-level assignment. This uncertainty in lower taxo-
nomic level assignments is not surprising given that most of the
OTUs found are likely sampled from lineages that have not been
cultivated or characterized before. This is a challenge faced by
all recent high-throughput sequencing based studies that utilize
culture-independent approaches. Thus, even though the commu-
nity analyses of this study were performed at the species level
(i.e., OTUs deﬁned at 97% sequence identity), we  chose to provide
summary statements at the phylum level.
The sampling depth and the number of OTUs identiﬁed in each
sample were approximately two  orders of magnitude higher than
the previous studies that utilized traditional culture-independent
methods such as T-RFLP (Gomez et al., 2011) or SSCP (Delbès et al.,
2001; Lerm et al., 2012). To investigate if the sequencing efforts
in this study were adequate to quantify the species richness in the
samples, the rarefaction curve for each sample type was  inferred
(Fig. 3). The individual samples of the same type (i.e., feedstock,
before shock, or after shock) were pooled and resampled 10,000
times to determine the number of OTUs found with different
numbers of sequencing reads. The results indicated that the feed-
stock samples may  contain >1000 OTUs and the digester samples
(either before or after the shock) may  contain >2500 OTUs. These
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iversity estimates are consistent with previous studies using the
54 (Ye and Zhang, 2013; Zhang et al., 2012) or Illumina (Xia et al.,
012; Mao  et al., 2013) sequencing technology to characterize
he microbial community in anaerobic digesters. Although the
ampling depth provided by the 454 pyrosequencing technology
s much higher than the traditional culture-independent methods
e.g., T-RFLP, ARDRA, DGGE, SSCP, etc.), the experimental design
mployed in this study appeared to be insufﬁcient to fully quantify
he bacterial diversity in the individual samples. A sampling depth
f >100,000 reads per individual sample (rather than sample type)
robably would be required to better characterize the diversity of
hese bacterial communities. For such sampling depth, a sequenc-
ng technology that could provide a higher throughput such as
llumina would be required. However, improvement in throughput
f the Illumina technology over the 454 pyrosequencing comeshe biogas production rate of the experimental anerobic CSTR.
at a cost of reducing sequence length. This reduction in sequence
length would impact the resolution of OTU identiﬁcation and
taxonomic assignment.
The Venn diagram in Fig. 2C illustrates the numbers of shared
and unique OTUs among the sample types. The results showed that
1280 identiﬁed OTUs were not found in the feedstock samples but
in the digester samples both before and after shock loading. These
OTUs might be present in low abundance in the feedstock and
were undetected due to the limited number of sequencing reads
per sample (Figs. 2A, B and 3). Alternatively, these OTUs might be
speciﬁc to the previous batches of feedstock and were introduced
into the digester during its early operation. The digester samples
after shock loading contained the highest number of sample type
speciﬁc OTUs, possibly due to the large number of sequencing reads
used (Fig. 3).
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Fig. 2. Sample characteristics. (A) The number of sequencing reads for each sample. (B) Th
the  feedstock and efﬂuent samples before and after shock.
F
F
(ig. 3. Rarefaction curves of the feedstock, efﬂuent samples before and after shock.
ig. 4. Relative abundance of the bacterial phyla found. The three most abundant bact
purple). (For interpretation of the references to color in this ﬁgure legend, the reader is re number of OTUs found in each sample. (C) Distribution of the OTUs found among
3.3. Bacterial community composition and dynamics
To examine the bacterial community composition, the rela-
tive abundance of bacterial phyla in each sample was estimated
(Fig. 4). The taxonomic assignments were based on the RDP Clas-
siﬁer results and the relative abundance of each phylum was
presented as the percentage of reads in each sample. In the three
feedstock samples, Proteobacteria is the most dominant phylum.
This observation may  reﬂect the bacterial community composi-
tion in the pig guts or the environment of the farm. Within the
anaerobic digester, Bacteroidetes and Firmicutes increased in rel-
ative abundance. This shift in community composition is likely a
result of adaptation to the digester environment. Intriguingly, the
operation temperature plays a role in determining the community
erial phyla are Bacteroidetes (orange), Firmicutes (turquoise), and Proteobacteria
eferred to the web version of the article.)
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Fig. 5. Relative abundance of the OTUs among samples. Each row represents one of the 3339 OTUs found in at least two independent samples. The relative abundance of
each  OTU was  normalized across samples, converted into a Z-score for its occurrence in each sample, and visualized using a heatmap. The color indicates how many standard
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reviations the observed OTU abundance in each sample is above or below the mea
For  interpretation of the references to color in this ﬁgure legend, the reader is refe
omposition. In the study of Zhang et al. (2012), Proteobacteria are
ore dominant in digesters that operate at lower temperatures
hile Firmicutes are more dominant in thermophilic digesters (Xia
t al., 2012). The organic shock loading introduced ﬂuctuations in
he community composition. Notably, Proteobacteria gained dom-
nance (particularly on day 17 after the shock) and then declined by
ay 30. Additional direct comparisons of our ﬁndings with previ-
us studies on anaerobic digester microbiota are difﬁcult because
f the differences in the broad-range PCR primers used. Depending
n the primer design, each study may  have different biases for or
gainst certain phylogenetic groups. Furthermore, the differences
n the 16S rDNA regions ampliﬁed prohibit sequence alignment to
nd corresponding OTUs across different studies. Thus, we chose
 more conservative approach to limit the comparisons to quan-
itative overview such as OTU richness (see Section 3.2) and the
hylum-level abundance presented here.
To obtain a higher resolution of the community composition, a
eatmap was  utilized to illustrate the relative abundance of the
339 OTUs found in each of the 21 samples (Fig. 5 and Table
). The taxonomic assignments were based on the RDP Classiﬁer
esults. As in the phylum-level abundance (Fig. 4), Proteobacteriass all 21 samples (yellow: above average, gray: average, and blue: below average).
 the web version of the article.)
was the most dominant phylum in the feedstock samples while Bac-
teroidetes and Firmicutes were relatively abundant in the digester
samples. Interestingly, although Proteobacteria became relatively
abundant on day 17 after the shock, this observation was  due to
the increase of few Proteobacteria OTUs rather than the phylum as
a whole. This ﬁnding indicates that while the composition analy-
sis at the phylum level (Fig. 4) is useful for providing an overview,
such broad patterns do not provide sufﬁcient resolutions to cap-
ture the intricacy of community dynamics. Furthermore, another
major limitation of 16S rDNA-based survey is that we could not
know the biological roles of these OTUs. From the comparative
genomics studies over the past decade, we  know that even closely
related strains belonging to the same species may  occupy different
ecological niches due to minor differences in their gene content.
Unfortunately, with only the 16S rDNA sequences, such inference
is unfeasible. Thus, our main aim of this study is to investigate
the community-level dynamics through tracking of OTU relative
abundance changes.
To track the dynamic bacterial community in response to the
shock, PCoA plots were used (Fig. 6) to visualize the dissimilarities
among samples. When all 21 samples in this study were included
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sig. 6. Principal Coordinate Analyses (PCoA) of the bacterial community compositio
excluding the three feedstock samples). The numbers in parentheses in axis labels
Fig. 6A–C), the three feedstock samples shared a bacterial commu-
ity composition that was distinct from the digester samples. The
CO1 explained ∼71% of the variance, which might be attributed to
he relative abundance of Proteobacteria. The community composi-
ion remained relatively stable for about 1× HRT (i.e., 10 days) after
he shock, gradually deviated from the original steady state repre-
ented by the samples before shock, changed the most on day 17,
nd re-stabilized by day 30. When the three feedstock samples were
xcluded (Fig. 6D–F), a similar pattern of the restabilization process
as observed. The variance explained by the PCO1 was reduced
rom about 71% to 41%, possibly reﬂects the reduced explanatory
ower of Proteobacteria abundance. Nonetheless, the ﬁrst two axes
xplained about 59% of the variance when combined (Fig. 6D), sup-
orting the strong explanatory power of this analysis. Both sets of
nalyses show the same pattern that the bacterial community com-
osition remained almost undisturbed immediately after the shock
e.g., days 1–3), changed the most on day 17, and gradually became
ore similar to the initial state (i.e., before shock) by day 30.
In the changes of bacterial community composition (Fig. 6)
nd the biogas production rate (Fig. 1B), a lack of correspondence
etween these two measurements was found. For example, while
he biogas production rate was approximately doubled imme-
iately after the shock, the bacterial community composition
xhibited little changes during this period. Additionally, while
he bacterial community exhibited a large change in its compo-
ition on day 17 after the shock, the biogas production rate was
elatively stable during the period. However, due to the absence
f technical replicates, it is unclear if these ﬁndings are results of
tochastic events. Future studies are required to test the generalityels (A)–(C): all 21 samples. Panels (D)-(F): 18 samples from the anaerobic digester
te the percentages of variance explained.
of these ﬁndings. Furthermore, detailed characterizations of the
archaeal community are necessary for providing complementary
information to better understand the biological processes involved
in anaerobic digesters.
4. Conclusions
The main goal of this study was to ﬁnd out the bacterial com-
munity composition in an anaerobic digester after an organic shock
loading. By collecting samples from an anaerobic CSTR and utilizing
high-throughput 454 pyrosequencing to characterize the bacterial
community in samples, the results suggested that an organic shock
loading induced dynamic responses in the microbial community
composition. After a threefold HRT, the community returned to
a state similar to its original composition rather than reaching a
new equilibrium. The mesophilic digester was  dominated by three
bacterial phyla: Bacteroidetes, Firmicutes, and Proteobacteria.
Acknowledgments
This work was supported and funded by a research grant from
Academia Sinica to CHK (AS-102-SS-A19). We  thank the DNA Anal-
ysis Core Laboratory (Institute of Plant and Microbial Biology,
Academia Sinica) for providing Sanger sequencing service, the DNA
Sequencing Core Facility (Institute of Molecular Biology, Academia
Sinica) for providing 454 pyrosequencing service, and Dr. Jason Shih
(Department of Poultry Science, North Carolina State University) for
valuable discussions.
otechn
R
A
A
A
A
A
B
C
C
C
C
D
D
E
F
G
G
wastewater treatment plant revealed by 16S rDNA 454 pyrosequencing. Appl.A.-C. Liu et al. / Journal of Bi
eferences
breu, A.P., Fernandes, B., Vicente, A.A., Teixeira, J., Dragone, G., 2012. Mixotrophic
cultivation of Chlorella vulgaris using industrial dairy waste as organic carbon
source. Bioresour. Technol. 118, 61–66.
hring, B.K., 2003. Perspectives for anaerobic digestion. In: Ahring, B.K., Angelidaki,
I.,  Macario, E.C., Gavala, H.N., Hofman-Bang, J., Macario, A.J.L., Elferink, S.J.W.H.O.,
Raskin, L., Stams, A.J.M., Westermann, P., Zheng, D. (Eds.), Biomethanation I.
Springer-Verlag, Berlin, Heidelberg, pp. 1–30.
kuzawa, M., Hori, T., Haruta, S., Ueno, Y., Ishii, M.,  Igarashi, Y., 2011. Distinctive
responses of metabolically active microbiota to acidiﬁcation in a thermophilic
anaerobic digester. Microb. Ecol. 61 (3), 595–605.
ltschul, S.F., Gish, W.,  Miller, W.,  Myers, E.W., Lipman, D.J., 1990. Basic local align-
ment search tool. J. Mol. Biol. 215, 403–410.
PHA, AWWA,  WEF, 1998. Standard Methods for the Examination of Water and
Wastewater, 20th ed. APHA, Washington, DC, USA.
enson, D.A., Karsch-Mizrachi, I., Clark, K., Lipman, D.J., Ostell, J., Sayers, E.W., 2012.
GenBank. Nucleic Acids Res. 40 (D1), D48–D53.
amacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., Madden,
T.L.,  2009. BLAST+: architecture and applications. BMC  Bioinform. 10, 421.
hen, Y., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic digestion process: a
review. Bioresour. Technol. 99, 4044–4064.
hou, H.H., Holmes, M.H., 2001. DNA sequence quality trimming and vector removal.
Bioinformatics 17, 1093–1104.
ole, J.R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Farris, R.J., Kulam-Syed-Mohideen,
A.S., McGarrell, D.M., Marsh, T., Garrity, G.M., Tiedje, J.M., 2009. The Ribosomal
Database Project: improved alignments and new tools for rRNA analysis. Nucleic
Acids Res. 37, D141–D145.
elbès, C., Moletta, R., Godon, J.J., 2001. Bacterial and archaeal 16S rDNA and 16S
rRNA dynamics during an acetate crisis in an anaerobic digestor ecosystem.
FEMS Microbiol. Ecol. 35, 19–26.
rancourt, M.,  Raoult, D., 2005. Sequence-based identiﬁcation of new bacteria: a
proposition for creation of an orphan bacterium repository. J. Clin. Microbiol.
43, 4311–4315.
dgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200.
arooq, W.,  Lee, Y.C., Ryu, B.G., Kim, B.H., Kim, H.S., Choi, Y.E., Yang, J.W., 2013.
Two-stage cultivation of two Chlorella sp. strains by simultaneous treatment
of  brewery wastewater and maximizing lipid productivity. Bioresour. Technol.
132, 230–238.
holamreza, M.,  Samaneh, G., Anoshiravan, M.B., 2014. The biodegradation and COD
removal of 2-chlorophenol in a granular anoxic bafﬂed reactor. J. Biotechnol. 184,
111–117.
omez, E., Martin, J., Michel, F.C., 2011. Effects of organic loading rate on reactor per-
formance and archaeal community structure in mesophilic anaerobic digesters
treating municipal sewage sludge. Waste Manage. Res. 29, 1117–1123.ology 194 (2015) 124–131 131
Hamady, M.,  Lozupone, C., Knight, R., 2010. Fast UniFrac: facilitating high-
throughput phylogenetic analyses of microbial communities including analysis
of  pyrosequencing and PhyloChip data. ISME J. 4, 17–27.
Janda, J.M., Abbott, S.L., 2007. 16S rRNA gene sequencing for bacterial identiﬁcation
in  the diagnostic laboratory: pluses, perils, and pitfalls. J. Clin. Microbiol. 45,
2761–2764.
Kundu, K., Sharma, S., Sreekrishnan, T.R., 2012. Effect of operating temperatures
on  the microbial community proﬁles in a high cell density hybrid anaerobic
bioreactor. Bioresour. Technol. 118, 502–511.
Lee, E.H., Moon, K.E., Kim, T.G., Cho, K.S., 2014. Depth proﬁles of methane oxidation
potentials and methanotrophic community in a lab-scale biocover. J. Biotechnol.
184, 56–62.
Lerm, S., Kleyböcker, A., Miethling-Graff, R., Alawi, M.,  Kasina, M.,  Liebrich, M.,
Würdemann, H., 2012. Archaeal community composition affects the function
of  anaerobic co-digesters in response to organic overload. Waste Manage. 32,
389–399.
Mao, Y., Xia, Y., Zhang, T., 2013. Characterization of Thauera-dominated
hydrogen-oxidizing autotrophic denitrifying microbial communities by using
high-throughput sequencing. Bioresour. Technol. 128, 703–710.
Ochman, H., Worobey, M.,  Kuo, C.-H., Ndjango, J.-B.N., Peeters, M.,  Hahn, B.H., Hugen-
holtz, P., 2010. Evolutionary relationships of wild hominids recapitulated by gut
microbial communities. PLoS Biol. 8, e1000546.
Price, M.N., Dehal, P.S., Arkin, A.P., 2010. FastTree 2 – approximately maximum-
likelihood trees for large alignments. PLoS ONE 5 (3), e9490.
Seadi, T.A., Rutz, D., 2008. Foreword. In: Seadi, T.A., Rutz, D., Prassl, H., Köttner,
M.,  Finsterwalder, T., Volk, S., Janssen, R. (Eds.), Biogas Handbook. University
of  Southern, Esbjerg, Denmark, pp. 7–8.
Shelomi, M.,  Lo, W.-S., Kimsey, L.S., Kuo, C.-H., 2013. Analysis of the gut microbiota
of walking sticks (Phasmatodea). BMC  Res. Notes 6, 368.
Steinberg, L.M., Regan, J.M., 2011. Response of lab-scale methanogenic reactors inoc-
ulated from different sources to organic loading rate shocks. Bioresour. Technol.
102, 8790–8798.
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naïve Bayesian classiﬁer for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261–5267.
Xia, Y., Cai, L., Zhang, T., Fang, H.H.P., 2012. Effects of substrate loading and co-
substrates on thermophilic anaerobic conversion of microcrystalline cellulose
and microbial communities revealed using high-throughput sequencing. Int. J.
Hydrog. Energy 37, 13652–13659.
Ye, L., Zhang, T., 2013. Bacterial communities in different sections of a municipalMicrobiol. Biotechnol. 97, 2681–2690.
Zhang, T., Shao, M.F., Ye, L., 2012. 454 pyrosequencing reveals bacterial diver-
sity of activated sludge from 14 sewage treatment plants. ISME J. 6,
1137–1147.
